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SCREENING STUDY ON HIGH TEMPERATURE
ENERGY TRANSPORT SYSTEMS

R. L. Graves

ABSTRACT

The purpose of the study described in this document is to identify the options for
transporting thermal energy over long distances, The study deals specifically and
exclusively with high temperature [>400° C (752° F)] energy for industrial use. Energy
transport is seen as a potential solution to:

1. high unit cost of small coal and nuclear steam generators,
2. opposition to siting of coal or nuclear plants near populated areas.

The study is of a preliminary nature but covers many options including steam,
molten salts, organics, and chemical heat pipes. The development status and potential
problems of these and other energy transport methods are discussed.

Energy transport concepts are compared on a fundamental level based on
physical properties and also are subjected to an economic study. The economic study
indicated that the chemical heat pipe, under a specific set of circumstances. appeared
to be the least expensive for distances greater than about 32 km {20 miles). However, if
the temperature of the energy was lowered, the heat transfer salt (sodium
nitrate/ nitrite) system would apparently be a better economic choice for less than
about 80 km (50 miles). None of the options studied appear to be more attractive than
small coal-fired boilers when the transport distance s over about 64 km (40 miles).
Several recommendations are made for refining the analysis.

INTRODUCTION

Industry in the United States accounts for about 18% of the nation’s oil consumption and about
42% of the natural gas consumption.' End uses of these fuels in industry include steam raising, process
heating, combustion for power, and feedstocks. The relative magnitudes of the fuel consumptions for
these end uses have been difficult to quantify, but the distribution in Table | is believed 1o be fairly
representative of the situation.

Tuble 1. End uses of oil

und natural gus in the
industrial sector
(%)
Steam generation kL
Direct fired heaters 35
Combustion engines i

Mon-Toel uses 23




Although other energy sources such as coal and nuclear are suitable for these end uses (especially
steam generation), economics in the past have given rise to the current energy use pattern characterized
by the widespread use of oil and natural gas.

The disproportionate increases in crude oil prices and the possibility of occasional disruption of
supply have indicated that a wiser energy use pattern would be that industry rely more heavily on coal or
nuclear energy in order to conserve oil and natural gas for use in the transportation and residential
sectors in which substitution is less feasible.

Studies have shown, however, that even with inflated oil prices, the use of coal or nuclear energy is
not economically competitive unless the energy producing plants are quite large, about 350 MW (1.2 X
107 Bru/ h) for example.? This scale effect on the economics of energy production is clearly evident in
Fig. 1. Since the majority of industrial plants consume less than |50 MWt (0.6 > 10° Btu/ h)inthe form
of steam,? it is necessary in most cases that a single large reactor or coal-fired plant serve more than one
industrial site, thus giving rise to the need for transporting thermal energy. The same need arises from
siting problems for large power plants. Continuing public apprehension toward nuclear energy will
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most likely force these energy plants further from populated areas. Furthermore, even though
combustion technology is steadily improving, the presence of coal and ash piles is not likely to be
tolerated in close proximity to residential areas. Hence, movement of thermal energy is scen as a
possible solution ta, at least, these two problems of economics and siting.

For moving energy at moderate temperatures [ 180° C (356° F)] and short distances [8 km (5 mile)],
steam and hot water have been generally accepted and proven as satisfactory media.' These
conventional media become less attractive as the temperature of the transported energy is increased.
Although not so in all types of industry, there is substantial use of high pressure steam in petroleum
refineries, pulp and paper manufacturing, and to a lesser degree in the chemical industry.
Substantiating information is presented in Table 2.

Table 2. Steam generation in
petroleum refining, chemical,
and paper/pulp industries

Steam generated at
>3.1 MPa (450 psi)

15%)
Petroleam refining industry B0
Chemical industry 48
Paper; pulp industry 73

Source: A4 Study of Inplane Eleciric Power
Generation in the Chemical, Petroleum Refining and
Paper and Pulp Industries, TE5429-97-76, Thermo-
Electron Corp., 1976,

It becomes apparent, then, that if most of industry’s energy needs are to be satisfied through
utilization of coal or nuclear sources, methods for transporting high temperature energy across
potentially larger distances are necessary.

Numerous concepts and media have been studied or are beéing studied for their potential in
transporting high temperature energy. Basically, however, all fall into categories of electrical energy,
sensible/ latent heat, and chemical energy. Discussion and analysis of representative concepts in these
categories are presented in the following sections of this report.

Generally in this study the analyses are limited to the heat transport system exclusive of the devices
employed to generate the thermal energy or the reactors or heat exchangers required to transfer the
energy from its source to the transport system. Appropriate attention is provided in cases where the heat
exchanger equipment plays a more significant role in the cost of moving the thermal energy.

The basic purpose of this study i1s to examine the various concepts for transport of high
temperature energy and to screen out concepts which appear to have little potential. On the other hand,
research and development efforts which would enhance the implementation of promising energy
transport concepts are to be identified as well,



IDENTIFICATION OF CONCEPTS FOR MOVING
THERMAL ENERGY

Electricity

Electric power can be transmitted via underground or overhead high voltage wires over very long
distances. Industrial use of electricity for heat is significant in 4 few industries such as electric steel
making. Aluminum production and the manufacture of chlorine require large amounts of electricity
also, but for electrolytic processes.

Electricity is used to generate steam in electrode boilers which are usually small in capacity. The
largest units available are on the order of 50 MW1* and can supply steam at up to 4.4 MPa (600 psi).
Electricity used for steam generation in industry is not a significant part of the overall industrial energy
consumption.

The relatively high cost of the equipment required to generate electric power and the low overall
efficiency of converting primary fuels to electricity (=329) have generally made electricity a poor
economical choice for heating. The industrial heat pump has the potential for improving the overall
efficiency thus improving the economics. Heat pumps for industrial applications are currently
manufactured and sold by Westinghouse Electric Corporation.

Sensible and Latent Heat Media

Sensible and latent heat media described here are all fluids intended to be transported through
pipelines, In schematic form, the transport of such media appears quite simple (Fig. 2). Although oil
and natural gas are generally the most economical means for transporting energy via pipelines, it is
reiterated here that the interest is in the conversion to coal or nuclear energy sources for heat.
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PUMP
D FLUID
2L - { ———=— WATER
ENERGY| $ 5 -L STEAM
SOURCE | 2 2 2 |GENERATOR
g
C/—' = HOT FLUID .
PUMP
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Steam is one of few latent heat media which can be used for transport of high temperature energy.
Materials limitations have generally limited steam temperatures to 538° C (1000° F) for the last 25 years.
The latent heat of steam, of course, provides significant improvement in energy transport per unit
volume over gaseous sensible heat media such as air




Water

Sensible heat media in liquid form are attractive due to their high energy per unit volume. Water is
one of the better media due to its high heat capacity, materials compatibility, low cost, etc. However,
water cannot be used for heat transport at over its cntical temperature, about 374° C (705°F), and the
saturation pressure at this point has been shown ta be far higher than economically feasible. Recent
studies have shown water to be a suitable option at heat delivery temperatures of 1 50°C (300° F) or less.!

Maolten salts

The term “molten salts” encompasses a very large number of candidate media. Due to heavy
involvement in moltensalt reactor (MSR) development, the Oak Ridge National Laboratory (ORNL)
has compiled and generated numerous documents on such materials. A list of identified salt coolants
for the MSR is shownin Table 3, Molten salts have not been evaluated to any significant extent {or the
long distance transport of high temperature thermal energy. There are other salts, such as
halealuminates, which have been identified but for which information is very limited. A version of the
nitrate salt is currently marketed by Coastal Chemical Company under the name of Hitecand its use is
scattered throughout the industrial sector.

Operating experience with lithium and beryllium flourides has been gained in MSR experiments as
well as sodium fluoride—sodium fluoroborate mixtures in experiments related to MSR development.*

Table 3. Maolten salt heat iranspori medin

Meling

Designation Composition male % temperatiire

Inc IDF’]

NA BF4&-NA F 92 NaBF.. 8 NaF 385 (725)
L1 F--BE F2 &b LiF, 34 BeF; 458 (R56)
FLINAK 46,5 LiF, 11,5 NaF, 420 KF 455 (B51)
NA+K F-ZR F4 10.0 XaF, 48.2 KF, 42.0 ZrF, JES (725)
WA OH 100 NaiH 139 (31E)
LICL-K CL 59.0 LiC1, 410 KCI Jo0 (68D}
NITRATES b9 NaNOy, 483 NaNO,, 44.6 KNO, 142 (2HK)
LMP FLUORIDES 15,0 LiF, 27.0 NaF, 38,0 BeF; 338 (6eid)
CARBONATES 415 L, €Oy, 31.5 Na,COy, 25,0 K, CO0: 397 (T4T)

Liquid metals

The candidate liquid metals for heat transport include several alkali metals, lead and bismuth, and
mercury. Although the alkali metals have ideal characteristics of low melting point and low vapor
pressure at high temperatures, their reactivity with water and combustibility in air make them
somewhat of an environmental risk for pipeline transport. Lead and bismuth have rather high melting
points, thus reducing their attractiveness. Mercury can be essentially eliminated from further
consideration due to its toxicity and cost. The media described above are listed in Table 4.

Organics and silicons

A multitude of organic or silicon-based fluids are available as energy transport media or at least
have been investigated for the purpose. The maximum utilization temperature of these materials is



Table 4. Liquid metal heat

tramspart media

: Composition Melting point

ams (weight %) [°C (*F)
Sodium 100 Na 98 (208)
Kak 44 K, 56 Na 19 (66)
Bismuth 1040 Bi (520
PH-BI 55 Bi. 45 Ph 125 (257)
Mercury 100 Hg =39 (=38)
Lead 100 Pb 317 (621)
Potassium o K (83

almost umiversally limited to less than 425°C (795° F). A list including most of the available organic-
type media is provided in Table 5.

The use of the fluids is not uncommon among the process industries.® Organics have also been used
and evaluated as coolant-moderators in nuclear reactors.” The cited advantages for organics include
low vapor pressure at high temperatures and low corrosion rates with conventional materials,
Flammability and heat transfer coefficients lower than those for water are the apparent disadvantages
other than the temperature limit for utilization.

Table 5, Organic hest transport media

Tempernture rnge

Name Composition [°C (*Fl] Principal usage
Dowtherm E* o-Dichlorobenzene =18 to 260 (0 1o S00) Vapor 180 1o 260°C
Dowtherm H* Aromatic ol —9to 28K (15 1o 550) Liguid
Dowtherm J* Alkylated aromatic =73 10 302 (=100 to 575) Yapor 18] 1o J02°C
Dowtherm G* Dii- and tri-aryl ethers =11 to 343 (12 1o 650) Liguid
Dowtherm A" Eutectic mixture of diphenyl 16 to 399 (60 1o T30) ¥apor 257 1o 399°C

and diphenyl oxide
Humhle therm $00" Aliphatic oil =21 ta 316 {—5 10 600) L bgjusied
Mabhiltherm 600° Alkylated aromatic =21 ta 316 (=35 1o &) Ligud
Therminol 44° Modified exter —5 to 218 (—50 10 425) Ligud
Therminol 55° Alkylnted sromatic —1810 316 (D 1o 600 L bepuied
Therminol 60° Aromatic hydrocarbon —51 1o 316 (—60 vo G00) Liguid
Therminol 66° Modified terphenyi =7 1o 343 (20 10 &50) Liguid
Therminol B4* Mixed terpheny! 145 10 427 (293 to BOO) Ligued
Ueon S0-HB-280 X* Ether of poly-alkylene oxide =18 to 260 (0 1o 200) Liguid
Hydrotherm 750—210° Mixed arvl-arviaryloxy-silane =B to 399 (0 to TS0) Liguid

“Manufactured by Dow Chemical Company,

"Manufsctured by Humble O and Refining Company.

‘Manufuctured by Mobil Ol Company.

‘Munulactured by Monsamto Company, marketed ay Santotherm in some countres

‘Manufactured by Union Carbide Corporation.

"Munufactured by American Hydrotherm Cotporation,

Sourcet 1. L. Fried, Hear Tranifer Agemis for Migh- Temperature Syatemy, Chemical Engineering. May 28, 1973




Chemical Reaction Heat Pipes

The chemical heat pipes (CHP) transport thermal energy in the form of a heat of reaction|of
reversible chemical reaction. Energy is absorbed via an endothermic reaction at the location of t
energy source, The products of this reaction are carried in a pipeline to a location where the reactign

made to go in the opposite direction, exothermically, providing heat 1o a steam generator, for instan
A schematic illustration of a CHP is shown in Fig, 3.
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The foremost advantage of moving energy in this manner is that the reactants are transportef
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low temperature, hence the loss of energy during transport should be much lower than a sensible Bedit
pipeline, and common pipe materials are sufficient. In addition. several reversible reactions are capi ble

of delivering energy at greater than 480°C (896°F). An apparent disadvantage is the complexit
chemical reactors involving catalysts which are inclined to result in high cost and more diffi
operation.

The reactions considered in this study are only those which involve liquid and gaseous phases.

multitude of other reactions have been identified which incorporate a solid constituent, but the

systems are viewed as more suitable for energy storage rather than transport. Reactions which
been identified for energy transport are shown in Table 6. Detailed computerized schemes have

Y

utilized to arrive at potential CHP reactions, but relatively few, as shown in Table 6, are even remojel

suited to this application,
Some of the CHP concepts (and designations) currently receiving attention are:
l. CO+ 3H; == CH: + H:0 (EVA-ADAM)
2. N;+ 3H: —— 2NH; (Ammonia)
3, GiHs + 3H; —— CyHy: (Benzene/ Cyclohexane)
4. 50; + 140; = S04 (Solchem)
Additional comments on these candidate reactions follow.
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Tahle 6. Candidate reactions for chemicsl heat pipe systems
excluding those reactions containing solids

Reaction

Reaction enthalpy Temperature (K} at which

Sintheamic 41298 K (77°F)

e —— [/ g (Bt b)) V0% lormed 0% dissociated
CO (G} + IH; (G) = CH. (G) + H:O (L) 7048 (3,180)
CO(G) + IH; (G) —= CH. (G) + H:0D (G) 6,053 (2,604) 754 (T
CiHs (G + H: (G — CiHy (G) 4,561 (1,962) R4 1,205
2CO (G) + 2H; (G) = CH. (G) + COs (G) 4,118 (1,772) TTh I, 152
CO(G) + IH: (G) = CH,OH (L) 1,986 (1,71K) 345 414
Ny (G)+ 3H: (G) = 2 NHy (L) LE6] (1L.661)
Ny (G + 3H; (G) = 2 NH, (G) 2,695 (1,159 £ 528
IND (G + Oy (G) = Ny (L) 1,750 (753) 549 93
S0, (G) + Alr— SO, (G) I.544 (644) B0& 1,270
S0p (L) + W0 (G) = S04 (L) 1,517 (652) 792 1,238
S0y 1G) + WOy (G) — 80, (G) 1,235 (331) m 1,235
NOG) + %0y (G) = NO: (G) 1.243 {535 549 930
CO{G) + Cly (L) = COC Iy (L) 1,172 (504} 6218 BRI
NO; (G} + NOy (G) = N:0: (L) 932 (401) IER 181
S50 (L) + HO (L) = H:504 (L) &R3 (381) 535 723
S0, (G) + Air— S04 (G b e B EE)] Bl 1.270
NO(G) + ACL: (L) —= NOCI (L) 695 (299) 425 gia
H:O (L) + H:50; (L) = H:S0, - H;0 (L) 230 (99)
For eomparison:
Hy (GY+ 150 1G) = H:0 (G) 13423 (5775 2510 5,600

“Based on S50; weight only, Air open cycle,
Source: E. W. Schmidt, Thermochemical Energy Storage Systemy, Proceedings of the Eleventh
Intersaciety Energy Conversion Engineering Conference, September 1217, 1974,

EVA-ADAM

The abbreviations EVA and ADAM refer 10 the reformer and methanator chemical reactors,
respectively, of this transport system. “EVA" is formed by abbreviating the German term for steam
reformer tube, and ADAM was chosen as an analogous supplement to identify the methanator. The
reaction has been studied and developed for transport of nuclear energy over long distances at the
Nuclear Research Center, Jilich, Germany, since the early 197054

The reaction’s capability for delivering high temperature energy is attractive, as is the fact that the
water used or produced in the reactions need not be transported and may be condensed out of the
gaseous constituents, thus reducing the mass which must be carried in the pipelines. Both reactions
require catalysts. Note that this reaction also is among the highest in energy density (see Table 6).

An open-loop variation of this CHP has been investigated by the Institute of Gas Technology
(IGT)." In this system methane (natural gas) would be steam reformed to CO and H: by nuclear or
coal-fired prime energy. These constituents would be transported and converted back to methane,
recovering the chemical energy, and then the methane would be burned as fuel.

Ammonia

Ammonia decomposition can be used for transport of high temperature energy if the reaction
pressure is about 30 M Pa (300 atm). Even at this pressure, however, the fraction N;/(N; + NHi)is only



reduced to about 0.31 at 450° C (842°F),"" The ammonia CHP can incorporate a liquid phase transport
pipeline carrying the ammonia under moderate pressure, about 1.0 MPa (10 atm). Ammonia
decomposition and synthesis is a well-developed and well-understood technology.

Cyclohexane/benzene. The dehydrogeneration of eyclohexane received serious attention recently
in a systems study performed by GE under subcontract to Sandia Laboratories for DOE.!! ThisCHP is
similarto EVA-ADAM in energy density but operates in a slightly lower temperature band. The lack of
development efforts on high temperature reactors (HTR) in the United States prompted this activity in
lower temperature heat pipes. A cursory inspection reveals that unlike the EVA-ADAM CHP, the
cyclohexane/ benzene system offers no opportunity to condense part of the reactants for reduced mass
flow via pipeline. The reaction and catalysts for this heat pipe concept are not developed to a level
sufficient for the application.

Solchem. The S0;:/ SO, CHP is being studied as a solar powered chemical reaction loop (hence
solchem) either for transport or storage of energy for high temperature needs.'”'" As an energy
transport media, SO; can be liguified but only in a very narrow temperature range, 32.5-44.8°C
(90-113°F)*4 at atmospheric pressure. Sulfur trioxide is an extremely hazardous material reacting
violently with water and releasing clouds of sulfuric acid vapor when spilled. This CHP would requirea
rather high temperature energy source and its energy density is much lower than the EVA-ADAM
system (see Table 6). The suitability of commercial catalysts for a CHP operation has not been clarified.
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FUNDAMENTAL COMPARISON OF ENERGY
TRANSPORT CONCEPTS

In lieu of initiating a broad-based design and economic study, a preliminary study using
fundamental physical and economic relations was performed to compare various concepts for energy
transport. The physical relations involve pressure, flow, and energy transport properties.

Friction pressure drop in pipelines can be expressed as

i, e
ﬁPﬁ-d-p\'" il

where the velocity is determined from

A 4my
wd?

(2)

Theenergy transport for sensible and latent heat media is defined as the enthalpy change at the point of
heat delivery. i.e., the media enthalpy drop at the steam generator. For a CHP the energy is the
exothermic heat of reaction.

For sensible or latent system the total energy transfer is

Q.= mah
and for the CHP
Q.= mgn -
Substituting these relations into Eq. (1), the pressure drop becomes

(T 0%

AP — -
d’(Ah)

(3)

where Ah and ge are interchangeable.
To arrive at an index for energy transport economics, first rearrange Eq. (3),

APd’AW )5&
o —m——
Q ( fiw '
Then, assuming that pipe cost is approximately proportional to the diameter squared and pressure

M
Q. ?_ o (4Pd &b )!r‘.-
5 4P fRsP*

Then if the further assumption is made that all fluid Nows are in the fully turbulent regime, the friction
factor becomes independent of the fluid flow and physical propertics, thus simplifying the comparison.




Ll

The pressure drop may also be treated as a constant, although some discrepancy in pumping power will
arise since gas compression usually requires higher specific work than liquid pumping. Pipe length and
diameter can also be treated as common for all transport media. The comparison index then becomes

b g (ﬁ_h‘f )"* (4)
a'r Lpt )

By incorporating typical transport pressures for gases and liquids the index provides the results
shown in Fig. 4 after referencing to methane fuel which was assigned a value of ten. The temperature of
each media was set at values required for generating steam at 4.5 M Pa (650 psia). As anticipated, steam
is not attractive as a high temperature energy transport medium from this fundamental viewpoint.
Considering the attention that it has received, however, the CHP is not a dramatic improvement,
especially with the realization of the expensive equipment required at each end of the pipeline. The heat
transfer salt, a factor of four better than the CHP, appears to be a promising candidate in spite of the
unaccounted for pipeline costs of insulation, special pipe materials, etc. Efficiencies are also not
reflected by this index, although there are generally not large differences between the CHPand HTS in
this respect. Distinctions of this nature, in addition to costs such as that for the medium inventory, are
discerned through more detailed design studies. This fundamental approach 1o understanding the
problem, however, may be useful as more detailed discussion on the concepts is presented in the
following chapters,
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STATE OF THE ART AND ONGOING RESEARCH
ON ENERGY TRANSPORT CONCEPTS

Information describing current research and development efforts on high iemperature energy
transport concepts is presented in this section, in addition to an evaluation of the state of the art. The
problems which are yet to be solved for some concepts are described as are the reasons for which some
concepts have been dropped from consideration, The concepts receiving greatest emphasis are those
identified in the previous section.

Industrial Electric Heat Pump

Since production of electric power is covered in depth in many literature outlets, only the heat
pump, being a somewhat novel concept, is discussed here. Heat pumps offering a coefficient of
performance (COP) of 2 or more would provide an overall efficiency in heat transport of over 607,
comparable to sensible and chemical heat pipes. State-of-the-art heat pumps are limited, however, to
water heating with a maximum temperature of about 104°C (220°F)." The source water temperature of
these units must be about 38°C (100°F) to provide a COP of 2.0-2.3. Westinghouse also markets a
solar-assisted version of the industrial heat pump, but its maximum temperature is the same. A typical
performance map of an industrial heat pump is shown in Fig. 5.
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Extending the service of heat pumps into the 500°C (932°F) range mught involve sevel

alternatives:
I. development of new working fluids to extend range of vapor compression heat pumps;
2. cascading vapor compression systems using several working fluids;

3. development of aliernate heat pump cycles, for example, Bravion (gas compression) and Surling.

Development efforts on vapor compression systems are not currently focused on high temperaty
capability.
The high temperature heat pump is faced with a genuine thermodynamic dilemma. The COP {o

reversible heat pump cycle operating between 32°C (90°F) and 538°C (10007 F) is about 1.6, If ond

assumes that heat pumps may be developed tothe extent of large electric power plants, then it should
possible to obtain about 629 of this ideal COP, about 0.99. Current heat pump systems operate
about 20%; of the reversible cycle COP, however, and if no improvement beyond this were made 1
energy transport efficiency would be prohibitively low for high temperature systems,

Additionally, the capital intensive equipment necessary for moving high temperature energy in II:s

manner, consisting essentially of two energy conversion systems, indicates further disadvantage for
concept.

Sensible and Latent Heat Media

Theexperiences with sensible and latent heat media are discussed in this section, including unigud

advantages or problems. Hot water and steam are not treated in further detail in this section.

Molten salts

The attractiveness of molten salts for high temperature energy transport is enhanced by 1
following characteristics of the salt:
. melting point <38°C (100°F)
2. stability a1 temperatures >3538°C (1000°F)
3. noncorrosive at high temperature
4. inexpensive
5. nontoxic
6. nonflammable
7. compatible with steam
8. high specific heat capacity.

Review of the list of salts indicates a general lack of availability of low melting temperature salps

The low melting point is important since it lowers the flow required per unit of energy transport a
reduces heat losses on the return leg of the closed loop, Trace heating is also mandatory on pipelin
carrying salts with high melting temperatures.

Flouride salts. Flouride salts were among the class of matenals studied in great depth |i

Ia=17

conjunction with the molten salt reactor development at ORNL. Flourides are genera

characterized by high melting points but are also stable at temperatures of 750°C (1 380° F) and dre

compatible with state-of-the-art allovs such as Inconel and Hastelloy N.'" The discussion here w
emphasize those flouride salts with the lowest melting points, as shown in Table 7.

Although stannous flouride has an aceeptably low liquidus temperature, it is reportedly unstable
high temperatures.' The remaining flourides have liquidus temperatures which are high enough

make them less attractive than alternate salts. In addition, LiF and BeF; are expensive and the latter |
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Table 7. Low melting temperatare Nouride salts

Melting
Salt temperature Common name
FCceml
LiF-NaF-KF (46.5-11.5-42) 454 (849) FLINAK
SnF: 100 (212) Stannous Mlouride
NaF-BeF; (5743) 360 (680)
NuF-NaBF, (8-92) 384 (123) Sodium flouroborate

highly toxic.'* However, the flourides have some advantages. including high heat capacity in the range
of 0.36-0.45 cal/g/®*C. Furthermore, most of the flourides are compatible with steam, creating no
vigarous chemical reactions when mixed.' However, in the case of the flouroborate, the ingress of
water into the salt increases its corrosivity due to the formation of hydrogen flouride and subsequent
reactions.'® In summary, the characteristics of flouride salts which make them attractive for nuclear
reactor systems (stability in radiation, high temperature stability, compatibility with fuel salt) are not
generally coincident with characteristics of an attractive heat transport medium.

Hydroxide and oxide salts. Several of the oxide and hydroxide salts which should be noted are
listed in Table 8,

Table 8. Hydroxide und oxide salts

Melting temperature

o FC °F)]
NaOH ME (&04)
NaOH-KOH i 50-%0) 170 (338)
8.0, 450 (842)

Sodium hydroxide is abundant and inexpensive and is suitable for high temperature systems if it
can be contained. This medium tends to be quite corrosive requiring high nickel or nickel-molybdenum
alloys when used at elevated temperatures. The material possesses the further undesirable character-
istics of being toxic and reactive with water via a highly exothermic reaction.

A 50-50 eutectic of NaOH and KOH vields a low melting point salt. This medium has a respectable
heat capacity of 0.40 cal/ g-°C but has a corrosive nature similar to NaOH.

Boric oxide has thermophysical properties similar to the hydroxides and has a higher melting
temperature than desirable for energy transport.

Chloride salts, Threerepresentative and inexpensive chloride salts are listed in Table 9. The salts,
in addition to high melting temperatures, have lower specific heat capacities than the other salts
discussed previously, about 0.25 cal/g-°C.

Tahle 5. Chiloride Salts

Melting temperature
Saly [*C (*F))
NaCl-MgCl; (52-48) 450 (B42)
NaCl-CaCl; (45-32) 300 (9321

NaCl-KC (50-50) 63K (1218)
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Hastelloy-N appears to be the most suitable material for containment with other nickel-based
alloys perhaps being satisfactory below 5382C (1000° F). These salts are generally non-toxic and have
low vapor pressure up to 800°C (1472°F).

Nitrate and nitrate salts mixtures. This class of molten salts appears to offer the highest potential
forenergy transport based on the criteria set forth in the first part of this section. Representative nitrate
salts are listed in Table 10.

Table 10. Nitrute salts

Melling
Medium temperatire Comman name
E:,c- 'u FH
MNaNO:-NaND-KNO, (40-7-53) 142 (288) HTS or Hitee
NaNO, 307 (585)
NaNO-KNO (46-54) 220 (42E) Diraw salt

Besides the low melting temperatures, these salts are attractive for energy transport because they

|. are non-reactive with water;

2. have high heat capacity, 0.37-0.44 cal/g-°C;

3. are nonflammable.

The materials are generally non-toxic with the exception of sodium nitrite in Hitec which can cause
acute iliness if ingested in large quantities®® and is & possible carcinogen with lesser doses. The upper
practical temperature for these salts is about 550°C (1022°F) due primarily to the subsequent
decomposition of the salt constituents (particulurly the NaNOy)at higher temperatures. These salis are
also relatively inexpensive and are available from a number of manufacturersincluding Park Chemical
Company in Detroit, Michigan, and Coastal Chemical Company in Abbeville, Louisiana. Since these
materials are presently used as heat transfer media, there is a substantial quantity of data on materials
compatibility, handling precautions, and reactivity with common substances.?

Use of Hitec or draw salt at over 500° C (932° F) generally requires stainless steel piping. Even at
less than 450° C (842° F) corrosion rates with carbon steel are rather high but are generally wolerated in
chemical plants to reduce the system’s initial cost.®? Bohlmann?®' has summarized most of the available
corrosion data and has extrapolated the results of short-term tests to obtain vearly corrosion rates,
Corrosion data on stainless steels are not abundant.

Water intrusion per se does not increase corrosion rates, However, the presence of NayO as an
impurity results in the formation of NaOH which does indeed aggravate corrosion in stainless sieel
systems,

A possible advantage for these salis is their solubility in water which can provide assistance in
startup and shuidown operations. The solubility also offers an alternative Lo trace heating or remelting
in restarting flow after a freeze-up.,

Carbonate salts. The carbonates include anothér group of high melting point salts. The salts
shown in Table 11 represent those with the lowest of liquidus temperatures.

The molten carbonates have received attention recently for use as electrolytes in high temperature
fuel cells.® Their specific heat capacities lie in the range of 0.33-0.40 cal/ g-° C. Low allow steels and
stainless steels as well as nickel-based alloys are compatible with carbonate systems up to temperatures
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Tahle 11. Low melting temperature

carbonate wlts
Melting
Medium temperalure
°C rH)
LiyCOwNuyCOw-K OO, (415231, 5-25) 397 (748)
KO0 -MgCO, (57-43) 460 (Re0)

of 650°C (1200° F), but experience indicating carbide formation at grain boundaries of non-stabilized
304 stainless indicates that a niobium stabilized 347 stainless steel is a better choice, '

Other salt mixtures, Only very few sulfates exhibit melting temperatures below 600°C (1112°F)
and the specific heat capacities are lower than most of the salts previously presented. Furthermaore, the
sulfates are very corrosive toward most alloys making them impractical for energy transport.

Phosphate salts are generally expensive and also have melting points over 500° C (932° F). Silicates
and borates are perhaps less expensive but alse have high melting temperatures.

Potassium cyanide has eutectics with AgCN and CuCN with melting temperatures below 300°C
{572° F), but the biological hazzard associated with these materials eliminates them from consideration.

A mixture of 69.5% NaAlCl, 19.5% KAICL, and 1.0% NH.AICL (mole percent) has been
identified as a possible MSR coolant, The mixture has & liquidus temperature of 125°C (257°F). A
possible problem would be the release of HCl upon contact with water.

Liquid Metals

Several of the liquid metals possess the qualities necessary for transporting sensible heat:
l. low melting temperature,
2. thermal stability,
3. noncorrosiveness.
However, as evident from the following discussions, practically any liguid metal has at least one
fundamental characteristic which essentially eliminates it from serious consideration.

Alkali metals, sodium, potassium, cesium. The alkali metals have low melting temperatures and
specific heats as high as many of the molten salts. The corrosion characteristics of sodium, NakK, and
potassium are understood to a high degree and do not present a significant problem at 5407 C (1000° F)
or less. For example, a sodium test loop at the Oak Ridge National Laboratory has been operated for
over 26,000 h.2* The loop is constructed of stainless steel for the most part.

Over 100,000 h of test time were accumulated with potassium/ stainless steel loops in conjunction
with the Military Compact Reactor (MCR) program in the 1960s. Sodium and Inconel compatibility
data were generated in the Aircraft Reactor Experiment and NakK |/ Hastelloy data in the SNAP-
program.¢

Insummary, the liquid metals would require materials of construction which are at least as exotic
as those required for a nitrate) nitrite salt. The preliminary analysis in the previous section shows,
however, that potassium is notas attractive from a transport capability standpoint which is mainly due
to potassium’s relatively low specific heat, about 0.20 cal/ g-°C (0.20 Btu/1b->F). Adding 1o this the
reactivity of the alkali metals with water and their flammability practically eliminates these matenials
from serious consideration.
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Bismuth and lead. These liquid metals are borderline in melting temperature for attractiveness as
heat transport media. However, the heat capacity, ~0.035 cal/g-°C (0.035 Btu, Ib-°F), is an order of
magnitude lower than the salts and alkali metals which essentially removes these materials from
contention.

Mercury. Mercury could probably be eliminated from consideration based on its cost alone. Its
inapplicability is magnified by a specific heat capacity of about 0.032 cal/g-°C (0.032 Btu/Ib-2F),
similar to the situation with lead.

Organiecs and silicons

As previously noted these materials are not applicable for energy transport at over 425° C(800° F).
Their use is widespread and their applicability at temperatures only slightly below those of interest in
this study warrants some [urther discussion.

The organic media are attractive due to their good compatibility with common materials, low
vapor pressure, and high specific heats of 0.40-0.70 cal/g-°C (0.40-0.70 Btu/Ib-°F) in the range of
100-425°C (212-B00°F). These basic characteristics have resulted in oils being included in some
economic studies of energy transport at moderate Iempcraturcs.j‘n

Under subcontract to ORNL, Hydroscience, Inc. conducted a study comparing hot water, hot oil,
and steam for delivering heat in the (250-350°F) temperature range.! The delivered heat was used to
generate hot water or steam and a wide variety of heat transport system sizes and distances were studied,
The findings generally revealed that the oil was an economically infetior choice to both hot water and
steam for distances up to 64 km (40 miles). As an energy storage medium, hot oil has been shown to be
maore competitive, ¥

The organics are all mildly toxic, flammable, and thermally unstable at high temperatures. A series
of fire-resistant Muids, consisting of chlorinated biphenyls, was withdrawn from the market in 1972 due
to concerns of environmental contamination.®* Deterioration of the organic fluids occurring through
oxidation or cracking is proportional to temperature. Decomposition models accounting for radiolysis
as well as pyrolysis have been documented in Ref. 7. Other stability studies cited in Ref, 28
demonsirated that exceeding the maximum recommended fluid temperature by only 10°C (50° F) could
lead to a 109 material loss (due to volatile venting and carbon deposition) in a 2 to 4 week period of
continuous operation. Regeneration of the fluids is possible, however, and the practice is apparently
coOmmon.

Fouling—the formation of low thermal conductivity deposits on heat transfer surfaces—is one of
the most significant problems associated with organic fluid systems. Although coking is actually a
different phenomenon, it is often included in the category of fouling. Fouling is described as the
deposition of film, inorganic and | or carbonaceous, on heat transfer surfaces and is caused by impurities
in the fluid. Coking is characterized by massive carbonaceous deposits resulting from the precipitation
and growth of decomposition products. Fouling is best controlled by maintaining high quality in the
coolant chemistry while coking can be controlled by ensuring that hvdraulic conditions in the heat
exchanger are adequate to avoid hot spots and to carry away any deposits in solution.’

In summary, most of these prablems—{ouling. decomposition, Nammability—will be character-
istic of organics even if their temperature range is extended. Hence they may never be ideal fluids for
high temperature energy transport.



THERMOCHEMICAL ENERGY TRANSPORT SYSTEMS

This section provides a review of the development status of chemical heat pipes (CHP), in
particular those which are currently under investigation. Current development activities and special
problems are also discussed.

EVA-ADAM

The basic EVA-ADAM concept has been discussed in an earlier section. This CHP is, in the
opinion of many, the only one likely to succeed and be implemented.

The range of temperatures required for the operation of this CHP can be examined in the
equilibrium chart shown in Fig, 6.% Temperatures in excess of 1000 K (1340° F) are viewed as necessary
to drive the reaction to a degree sufficient for the system to be economical. The products of the
reforming process are cooled before they proceed through the transport pipeline. Although the pases
are actually in a chemical nonequilibrium state, no reaction will take place in the pipeline until the
mixture is heated and passed over a catalyst to start the methanation reaction.

Steam reforming of methane is a common industrial operation. Most of the ammonia produced in
the United States, for example, is manufactured by obtaining hydrogen from the steam reforming of
natural gas. A mickel catalyst is usually employed in the reaction and such is true in the current CHP
conceptual studies and experiments.

Catalytic production of methane from carbon dioxide, carbon monoxide and hydrogen was first
accomplished in 1902 and since then the literature on the subject, similar to the case with reforming, has
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become voluminous. Nickel catalysis have been found to be suitable for this reaction although iron
catalysts have been used. Catalyst composition has a pronounced effect on carbon deposition which isa
phenomenon to be avoided.

Catalysts generally lose their activity with time and would reguire occasional replacement in a
CHP system resulting in higher costs and increased complexity of design to permit replacement. Trace
guantities of sulfur and phosphates dramatically reduce catalyst life but might be of minimal coneern in
a closed loop syvstem.

Recent and ongoing development activities on the EVA-ADAM concept includes systems
economic studies and research on the interface between the reformer and nuclear and solar energy. The
KFA Jilich in the Federal Republic of Germany has been leading in developing the nuclear interface
specifically using the high-temperature pebble-bed reactor being developed in that country. This
reactor is to be helium cooled. Tests with a helium heated reformer were started in 1972 ina small test
unit consisting of one reformer tube and an electric heater as the energy source for the helium loop.*
During early tests a maximum helium temperature of about 1000° C was attainable which could heat
the reformer gas to about B50° C (1562° F). The basic feasibility of a helium heated reformer was thus
established. A larger pilot plant with 30 tubes has also been aperated but was not a helium heated
system. A 30 tube helium heated bundle is under construction, also electrically powered. Hence, tests
with a nuclear powered reformer are still not to come in the immediate future.

Some of the significant findings resulting from the small scale tests are:

1. The steam reforming reaction is only limited by the heat transfer capabilities, and theoretical
equilibria are fulfilled.

2. A maximum helium temperature of 950°C (1740° F) is adequate for the reaction giving methane
conversion of 60 to 65%.

The possibility of the permeation of hydrogen into the reactor coolant and the possible damage which

might result is a problem which has not been completely resolved. A similar problem is the

contamination of the reformer gas by tritium.

Early in 1979 a methanator system was coupled to the single tube reformer and the two were
operated as an EVA-ADAM loop. The methanation reactor is also to be part of the 30-tube system
which is now nearing completion. Steam generated by the methanator will be used at the site.

A joint GE-ERDA-KFA program to build and test a duplex tube reformer was formulated in
1977.2% This design is to reduce the hyvdrogen and tritium permeation rates and thereby eliminate the
intermediate heat exchanger. A test unit was constructed by GE and delivered to the KFA for testing on
the helium loop in 1979, Actual testing of the duplex tube reformer was performed in June-July of
1979, The test was to determine performance and not durability. A primary question was whether the
small gap between the concentric tubes would degrade the heat transfer performance. It was determined
that the thermal resistance of the gap was insignificant. The fabrication of such a tube is believed to be
feasible, but there are questions of licensing and practicality which have not been resolved.

An EVA-ADAM system powered by solar energy is being studied and developed at the Solar
Energy Laboratory of the University of Houston in Texas.”! Proponents of this system claim that a cost
advantage may exist for use of solar power due to the disproportionate cost of nuclear power reactors
with their stringent safety requirements. A preliminary economic study was reported in Ref, 32 in which
major process parameters were evaluated with regard to efficiency and economics. Cost for delivered
steam including the solar receiver and CHP system was estimated to be about 11008/ GJ (11.00 %/ 10
Btu) over a transport distance of 160 km (100 miles). This cost pertains to a 40 MWt system which is
somewhat small by industry standards,
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Most other recent activities in EVA-ADAM development are of the nature of the economic study
described above. A recent systems design and cost study by GE" is perhaps the most comprehensive
evaluation available. The economics of a 1000 MW(th) system are identified over a wide range of
distances. Pipe diameter was optimized and fairly detailed cost estimates for the reformer and
methanator are contained in the report,

Ammonia dissociation

The ammonia cycle is under study primarily as a means of storing solar energy. Lenz of Colorado
State University is among the most recent proponents although the reaction was also considered ina
Rocket Research Corportion (RRC) study.'™"" As evident from Fig. 7, the reactions must occur at
elevated pressure if the system is to be capable of delivering high temperature energy. The advantages of
transporting the ammonia as a liguid could be significant. A previous study which examined ammonia
as a hydrogen energy carrier concluded that transporting that form of energy was less expensive than
moving natural gas.*

Some of the advantages of the ammonia CHP relative to other concepts are.

1. well-known large scale technology,

2. less corrosive than some other concepis,

3. good heat transfer,

4. reasonable catalyst cost likely.

Problems in this energy transport system would arise from having to transport a mixture of liquid NH,
and gaseous H; although separate pipelines might be appropriate. The question of hydrogen
embrittlement on the pipe material also exists. Such problems have probably little effect on chemical
plants but are of major concern on a long pipeline system intended to last 30 years.

Another disadvantage may be a low chemical cycle encrgy efficiency. RRC reported a storage
eyele efficiency of less than 30%. No cost estimates for a transport system have been derived. The
toxicity and incapacitating effects of ammonia vapor on humans are certainly negative factors in
considering this system for energy transport over long distances,

Cyclohexane/ Benzene

This concept has been proposed by GE as an alternative to the EVA-ADAM system.'"" The
benzene cycle requires a slightly lower driving temperature and therefore can be coupled to a wider
variety of energy sources. It is seen as a more suitable cvcle for the solar central receiver than
EVA-ADAM. A major R&D need identified by GE is catalyst development.® A cost estimate was
performed for an energy transport system of 1000 MWt size. A breakdown of the cost estimate is
provided in Table 12. Cost of delivering the energy is presented graphically in Fig. 8. Note that the
overall evele efficiency was calculated to be in the neighborhood of 806, The efficiency of the RRC
storage cycle was estimated at about 40%, primarily since the latter was a stand-alone system not
coupled to a power plant.

The toxicity of benzene and cyclohexane are well-known and is practically a sufficient reason to
eliminate the concept from further consideration. 1f ever accepted as a potential candidate medium, the
cost of safety related equipment would probably be excessive,

*RREC siated that a platinum or palladium catalyst might be required to minimire dde renctions



21

ORNL-DWG 804948 ETD
1.0
| |

600 ATM

IN;:F-"EN?.I + [NH4]

o TR Y I W = L
200 300 400 500 G600 700 BOO 800
TEMPERATURE (°C)
Fig. 7. Ammonia dissociation equilibrin. Source: T. G. Lens, Proposal for Engineering Destgn Study of Conversion of

Solar Energy to Chemical Energy Through Ammonia Dissociation, in procesdings of the Solar High Temperature Industrial
Processes Workshop, Sept. 28-30, 1978, SER1/0637-4.
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Table 12, Summary of cost analysls for solar/ LTCHP transmission of heat

Percent
[:‘:’;':.“ of Dollars GJ
tiodal
Capital costs
Dehydrogenation reactor and heat exchangers 166.5 642
Stomge tanks 0 0k
Transmissaon line 54.2 209
Hydrogenation reactars 36.5 140
Total 259.2 00,0
Yearly operating costs
Yearly capital cost, 20%,/ year 51.8 59.5
Power and losses® 1232 14.0
Undeliversd heat at 112.8 MW 2.0 _265
Total RB70 100.0
Ingremental LTCHP transportation cost’ 30w
Total cow of delivered heat 909

"Power and Joxses are calculated by 283 MW X 2.8 = 708 MW,

*At 281 % 10" GJ year,
Source: Ref 35
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50;:/50,=Solchem

development on the sulfur trioxide cycle. Development of suitable, long-life catalysts has been put
by RRC through most of 1978-79.34 Their assessment of catalyst development needs are summarig

The Naval Research Laboratory (NRL)and the RRC have been recently involved in researc jnd
§

Table 13. The conclusions regarding current catalysts resulted from evaluation of numerous chyEL

different suppliers. No information was available on catalysts for SO, dissociation since this is
routine objective in sulfuric acid manufacturing.

Table 13, Current versus required SOy catalyst

operating characteristics
Current Required for

technology RCR TES
Temperature, K (*F) 770 (950) 144 (1.600)
Pressure, bar (psia) 1LO0 (14T 15 (2200
Feed gas composition Ajr/ 80 Oh /50,
Feed gas purity Impure Pure
Mode of operation Open loop Closed loop
Space velocity, b’ 2,000 10,000
Catabvat life, yvears =10 30 idesirable)

ed
in
fof
ta

By the end of 1978, 28 new catalysts had been prepared and tested. The tests were conducied at

827°C (1520°F) for a duration of about 300 h.

Conceptual design studies and cost estimates have been reported by the NRL!? and San
The

Laboratories.”” The NRL study deals with energy storage and energy transport systems.

equilibrium curves presented in the study indicate the need for a higher temperature to drive the
endothermic reaction than with the EVA-ADAM system. The study emphasizes a solar central recgiyer

as the energy source for the chemical cycle.
The study of energy transport focused on the system depicted in Fig. 9 from the NRL study
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energy transport capacity was set at 100 MWt. The system parameters are shown in Table 14. Nac
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Table 14, 100 MW, 160 km energy transport

system using 20-cm lines
Items
Oy S0 S0y
Direction A—B A—=R B—A
Phase pressure B.28 MPa gas Liguid Liguid
Line temperature, °C 20 0 40
Pumping power, MW 1.2 ] 0.5
Air conditioning provided, tons 6450
Flow rates, 10° kg/d"' 1 4008 640 7050
Inventory, kg= 10’ 568 7500 9572
Line energy storage. d 0.4 I3 b4

estimates were reparted. The unigue problems associated with liquid SO, make its transport feasibility
doubtful. These problems are associated with multiple solid phases of SOs which can be formed if the
liquid conditions are not maintained in a fairly narrow range. Chubb of the NRL has given a detailed
explanation of the behavior of liguid and solid SO,

Mild steel is suitable for containing SO, at low temperatures provided there is no water present. '
Teflon may be suitable as a gaskeling material.'?

The Sandia study dealt mainly with the importance of chemical cycle efficiency as related to the
economics of a storage system. The reported efficiency of storing chemical energy via the 80,/ 80, eyele
was about 41% which does not include losses in recovering thermal energy from the stored chemical
energy. A significant amount of the loss occurs where heat must be exchanged by streams with
mismatched temperatures resulting in high irreversibilities. Efficiencies for the energy storage and
recovery cycle were also reported as less than 50% by RRC.

Open-loop CHP

The Institute of Gas Technology (1GT) performed a study on an open loop EVA-ADAM system.*
In this concept the natural gas formed during methanation 1s burned instead of being returned to a
reformer. A simple flow diagram is shown in Fig. 10.
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Fig. 10. Conceptualization of open-loop chemical encrgy pipeline. Source Transmission af Energy by Open Loop
Chemival Energy Pipefines, Project 8990 Final Keport, Institute of Gas Technology (June 1978}
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Since one mole of CH. if completely reformed will result ina mole of CO and 3 moles of H: the
volume flow of gas would increase by a factor of four over piping natural gas alone. The additional
energy transported by the chemical reaction (reforming and methanating) is only about 10 to 15% of the
heating value of methane at best.

This fact creates serious doubts as to the economic feasibility of the concept. The 1GT study
confirmed that this base system did not appear to be economically competitive. Integration of a coal
gasifier with the concept was found to be more attractive than using nuclear energy as the prime heat
source. Hydrogen embrittlement is also a potential problem with this system.

Other CHP cyeles

Chubb has discussed a possible chemical cvele using PF H:, a stable inorganic vapor which is
believed to dissociate into PF; and H: plus some PF:H and HF. The highly corrosive nature of HF
makes this system of little interest although dissociation temperatures are in the desirable 400 to 550°C
(750 to 1020°F) range."?

An ethylene/ ethane system has the attractive feature of a transportable liquid phase. However, a
catalyst for dehydrogenating ethane is not available and there is a high possibility of carbon deposition
during the reaction.

A cyctle based on decomposing ammonium hvdrogen sulfate has been studied at the University of
Houston. """ The reaction is

NHsSOum = NHay + 504y .

The SO; and ammonia must be separated after the reaction for storage or transport since the reaction
proceeds without catalysts. This is a disadvantage for transport since multiple pipes might be necessary
but it appears that all constituents could be liquified. The liquid SO, problems in transport systems
must be noted, however. Separation techniques are available®® and would reportedly not be a serious
problem.

Itis apparent that, although much work has been done, an ideal CHP has still not been discovered.
Possibly basic research is more appropriate for the CHP concept rather than development and design
efforts on marginally attractive systems,
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PRELIMINARY ECONOMIC ASSESSMENT OF
ENERGY TRANSPORT CONCEPTS

Basic Parameters and Level of Detail

An industrial plant which uses about 454,500 kg/h (1,000,000 Ib/ h) of stcam consumes energy at
the rate of about 350 MW1 (1.2 % 10° Btu/ h). This plant size is about average for industries in the United
States and was therefore chosen for this study, Common industrial high temperature steam conditions
of 4.5 MPa (650 psia) and 400°C (750°F) were selected for the economie study. Conceptual pipeline
designs were performed for distances of 24 km ( | 5 miles), BO km (50 miles), and 160 km ( 100 miles). By
covering the long range of distances the economics of single long pipelines and shorter branch lines can
be investigated. Conceptual arrangements for the location of power plants to industrial sites as shown
in Fig. || reveal the need for examining a broad range of energy transport distances. Maximum driving
temperatures were on the order of 393°C (1100°F) but were not rigidly set. The individual transport
concepts were assumed (o be supplied with energy at their required source temperature.

A target cost of process steam from a well-known alternate technology was selected to place the
cost of transported energy in perspective. Coal-fired industrial boilers were chosen for setting this target
cost.

The primary concern in this economic evaluation is the cost of the pipeline used to transport the
fluids. Two reasons for emphasis on the pipeline are:

1. the pipeline usually accounts for a large fraction of the transport system cost and
2. costs for pipelines are generally available and involve less uncertainty than reformers, methanators,

heat exchangers, elc.
Costs of pipes carrying Hitec and steam were derived for pipes ranging in size from 61 cm (24 in.) to

178 em (70 in.). The CHP system was assigned a delivery pipe size of 76 cm (30 in.) and & return pipe size
of 6] em (24 in.).

Carbon steel pipe was assumed to be suitable for the CHP. Steam pipe was assumed to be a
chromium alloy steel, and a stainless steel was used for Hitec. The wall thickness was adjusted for
pressure requirements. Costs for the pipe materials are given in Appendix A. Estimates for the Hitec
pipeline were also made for croloy steel and carbon steel using guidelines in cost estimating
handbooks® for the effect of material on pipe cost.

Flow rates of steam and Hitec were based on generating 454,500 kg/ h (10% 1b/h) of steam at the
previously noted conditions. Feedwater was assumed to be supplied at 16°C (60°F). The return
temperature for Hitec was greater than 260°C (500°F) to avoid freezing or extremely high viscosity.
Steam condensate was assumed to return to the heat source at a maximum temperature of (38°C) 100°F
ina 36em(14in.) pipe. Flow rates and flow constituents for the CHP were obtained from the GE study.
Although the GE study is of considerable detail, the performance of some components was assumed to
be ideal. For example, the condensers are assumed to be ideal since no water is identified in the flow
constituents,

Flow rates are provided in Appendix B. Vertical turbine pumps were assumed satisfactory for
Hitec. Costs and performance were obtained by comparison to liguid metal pumps and coal slurry
pumps. The pumps were assumed to be electrically driven and the cost of the electric distribution system
was included.

Compressor stations for the gas pipelines were conventional but electrically driven, Cost of the
pumps and compressors are provided in Appendix A. Other ground rules for the cost estimates are also
included in Appendix A.
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Interest and contingencies

The factors identified in Table 15 were obtained from cost estimating handbooks.*™*' The factors
were applied to the basic materials and labor cost which includes a 25% increase for miscellancous
equipment.

A maintenance cost of 5% of the annualized capital cost was assigned 1o the EVA-ADAM system
since it is the most complex system with catalysts requiring occasional replacement. For this
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Tahble 15, Economic evaluation factors

Percem

Contingency 30
[ndirects® 30
Interest dunng construction

24 km (15 mile) 2 year i

80 km (50 mile) 4 year I8

160 km {100 mile) 7 year 15
Annual fixed charge rate I8
Capacity factor Ll

“Includes engineering, conruCtion over-
head, insurunce, ete.

preliminary evaluation no maintenance costs were assigned to the other systems although it is likely that
the HTS would require inventory makeup. Power for pumping motors was assumed to cost 3.5¢/ kWh.

A matrix showing cost estimates for the systems which were evaluated is shown in Table 16. The
economic pipe diameter for the Hitec system was estimated to be slightly less than the smallest size
shown. Since the steam system has no pumps, the pressure drop and heat loss limit the usable pipe
diameters.

Table 16, Capital costs of pipeline systems

(5 = 104)
Cost per disthnce
Pipe dmmeter
|em {in.}] 4 km B0 km 160 km
{15 miles) (50 mules) {100 miles)
Hitec® bl (24) 67 U7 &0
76 (30) 105 an 555
102 {40) 134 188 m
127 (30) 149 5040 | 0
Steam 76 (30) £3
127 (50) 164 i 107
I8 (7)) 189 H1E
EVA-ADAM 61/ TH (24/30) 53 162 154

“Does not include cost of inventary

A breakdown of the contributors to the capital cost is helpful in identifying areas which should

receive attention in efforts to reduce the system cost. A typical breakdown is shown in Table 17 for the
respective systems.

Table 17. Break down of capital cost” for tvpical

80 ke (50 mile) system
3 Pump
Pipe Insulation : Labor  Inventory
(%) (%) “’";;T‘“‘ (%) (%)
Hitee" 45 [ 8 o) 14
Steam fil 9 in
EVA-ADAM Bl 7 12

*Excludes 25% miscellansous charge.
"Stainless steel pipe.
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Comparison of annual costs

Figure 12 shows the annualized costs of the least expensive systems for the respective energy
transport media. Obviously there is a substantial savings in the Hitec system if carbon steel could be
substituted for the stainless steel delivery pipe. Further reduction in ¢ost would result from use of a less
expensive salt. Basic cost data are shown in Table 18,
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Fig. 12, Annuslized cost of energy transport system.
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Table 18, Basic dats for annusl cost

Fipe : Capital  Annual Annual cost
Medium diameter llt::l!:::ﬂ cost cupital ?u?-:;r;';nrn {?:’:} [5/GJ
[em (in.J] (10> 5) (10~ 5) (%) 10* Bruj]
Hitec* 61 (24) 24 (15) T8 152 1.50 0 1.76
&0 (50) 248 529 50 6.13
160 {100) 513 129.5 6.0 14.76
T6 (30 4 (15 122 3.7 0,22 154
B (50) ERT ) 1709 1.0& 7.62
Lidd {100 66G 162.6 212 17,40
102 (40) 24 (15 164 e 04 1R
B0 (50) 4K7 10634 0.12 10,26
160§ 100} 978 23697 0.24 25.10
127 (509 24 {15 196 381 0.02 403
B0 (50) 658 139.E 0,06 1480
6 (100 1317 J20.0 012 33190
b1 (24) B0 (50 192° 40.8 5.0 485
Steam 76 (30) 24 (15) Bl I6.14 0 1] 1.7
127 (50) 24 (13 164 1150 33
80 (500 531 11280 11,93
160 {10y 1071 260.30 7.5
178700 24 (15 189 35,74 189
B0 150} 628 133,40 24,01
EVA-ADAM 76/ 61 (30;24) 24 (15) 33 10.3 0.9 0.5 1.24
B0 (50) 162 M4 18 iS5 411
160 (100) 158 B6.5 54 3.1 1.1

“Hitee systems include inventory at 26¢) kg stainless steel pipe.
"Carban steel pipe.

Effect of heat exchanger and chemical reactor costs

A detiled cost estimate of the steam generators and chemical reactors for the heat transport
systems is not included in the scope of this study. However, some rough estimates were generated since
these costs are of special significance in the CHP system.

Costs of the HTS steam generator were derived by assigning a cost of 1000 5/m? (93 8/ ftY) to a
calculated heat transfer surface area.

The CHP reformer and methanator plant costs were taken from an earlier GE study'! and
escalated at 86 per vear to 1979 costs. A somewhat arbitrary installation cost factor was used by GE to
arrive at these costs. No additional contingencies were added, The same indirects were applied to the
GE costs to be consistent with the pipeline costs generated in this study. The resulting capital costs are
summarized in Table 19,

Table 19. Cost of heat

exchange equipment
Cost
($ % 10%)
HTS heat exchangers £.0
CHP reformer 546"
CHP methanator 159"

“Reported by GE os 66 5/ kWi,
*Reported by GE a3 29§/ kWi
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Toattain the efficiencies reported by GE which were used in this study it is essential that the CHP
be closely coupled to a steam electric power plant. The CHP must have high pressure extraction steam
from the turbine and requires a demand for lower pressure steam which cannot be used in the chemical
reactor. The cost associated with that part of the power plant which serves the CHP reactor is included
in these costs derived by GE. It is not clear whether costs associated with the additional piping were
included.

Cost of prime heat and efficiency

The cost of prime heat has been treated parametrically in this study with values of 2.50 to 3.50 $/GJ
being considered as typical.
The efficiency of the heat transport pipelines is defined as

_ Steam Energy Delivered
Net Prime Heat lnput

Using this definition the efficiency of the HTS system is about 80% and that reported for the CHP
system by GE was B9%. The GE value was used in this study in generating the data for total cost of steam
discussed in this section.

The efficiency of the energy transpart systems is very important in that prime heat costs and
possibly pipeline costs would increase with a drop in efficiency. To obtain high efficiency with the CHP
it is advisable to exchange heat in discrete temperature bands with a power plant since a significant
quantity of energy cannot be used regeneratively in a stand-alone CHP system. The GE HTR Multiplex
system is a concept being studied which is intended to avoid this problem and maintain a high overall
efficiency. 42

Total cost of steam using transported energy

By combining the costs discussed in previous sections a total cost of steam can be generated. The
respective systems are seen in Fig. |3 to have ranges of distance where each is most suitable. The trends
are similar to that noted by General Atomic in an earlier study,

Note the extreme importance of the pipeline material in the HTS system. If carbon steel could be
made suitable, then the HTS system would be the most attractive at practically any distance. Carbon
steel has been found to be suitable as long as temperatures are held below 455°C (850° F). Even at this
lower maximum temperature, it is possible to generate high pressure saturated steam or slightly
superheated high pressure steam. A lower temperature HTS system would necessitate a larger flow rate
and larger pipe size for a particular thermal output, however, which would decrease the cost adva ntage
offered by plain steel pipe.

Comparison to Other Steam Supply Method

Industry is heavily dependent on oil and gas to generate steam. The rising cost of these fuels plus
governmental pressure will continually make coal more attractive for this purpose. The cost of steam
generated from small coal-fired boilers was therefore used as target for the cost of steam via transported
energy.

The cost of steam from coal-fired boilers of various sizes is shown in Fig. 14. These costs were
derived using industrial financing and coal at 36 $/ Mg (33 $/ton).
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Fig. 13. Cost of steam generated by transported energy.

By referring to the cost of steam via energy transport it is evident that no transport system i§
attractive where distances greater than about 40 km (25 miles) are involved and when a site has the
option of using a coal-fired boiler generating 4.5 % 10° kg/h (10 Ib/ h) of steam. The distance can be
greater, however, if energy is delivered to a central location in very close proximity to several smaller
users. A cost of prime heat other than that noted in Fig. 12 would, of course, alter these conclusions.

Comparison to prior work

The EVA-ADAM CHP has been studied by ORNL previously as part of an assessment of very
high-temperature reactor applications.* This analysis was reasonably detailed and included the costs
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Fig. 14, Effect of boiler installation size on cost of steam from coal firing.

associated with the heat exchangers used to couple the CHP reformer to the power plant. Costs for the
reformer and heat exchangers are comparable to those used in the present study. Methanator costs in
the previous study are somewhat lower than the estimates from the GE study which have been used
here. The pipeline cost estimates are also comparable if one eliminates the 2505 miscellancous cost
added to all pipeline systems in the present study.

General Atomic (GA) has published work which examines the economics of transporting energy
via the same media as in the present study.* There are several notable differences itemized here:

I. Size—the GA transport system was 2000 MW,

2. Electricity credit—GA allowed credit for the power produced by the HTGR.
3. The GA fixed charge rate was 10%.

4. GA used a 0% capacity factor,

The economy of scale is very prominent in energy transport systems in that the fluid carrying
capacity is proportional to the pipe diameter squared whereas the cost of the pipe increases fairly
linearly with pipe diameter. After taking this difference into account along with inflation and the
different capacity factor, the costs of the GA study can be seen as in reasonable agreement with the
values derived in the present study. The difference in the transport system cost is about the same
magnitude as the contingency used in this study.

Under subcontract to ORNL, Hydroscience, Inc., has evaluated media for intermediate
temperature energy transport.’ Hot water, oil, and steam pipelines were compared on an economic
basis. The pipeline costs published by Hydroscience were compared to the costs generated in the present
study and, after accounting for escalation, the costs were found to be very consistent.
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CONCLUSIONS

Although highly dependent on the assumptions and costing methods, a conclusion of this study is
that the transport of high temperature energy appears to be economically practical only for distances
less than about 64 km (40 miles). Neitheran HTS nor CHP transport system can be dismissed based on
the preliminary economic evaluation conducted in this study. A steam pipeline is the least feasible
system and is apparently a poor choice for any distance over 24 km (15 miles).

The cost of the pipe materials has been shown as the most significant factorin the HTS system cost.
The use of plain steel would make the HTS system competitive with the CHP at long distances. Plain
steel, however, is apparently suitable for HTS only when the temperature is held below about 450°C
(B50°F).

The cost of HTS system is more sensitive to prime heat cost since its efficiency is lower than the
CHP. The CHP, however, must have a very specific interface with a steam power plant in order to
achieve this advantage,

The HTS system would benefit considerably from the use of a salt with a lower melting point than
the sodium nitrate/ nitrite mixture evaluated in this study, This would allow the flow rate of salt to be
reduced and the size of the pipe accordingly. A survey of salts and liquid metals revealed few suitable
candidates.

The EVA-ADAM CHP was identified as being the most developed and probably most practical of
these systems, Practically no other system is under investigation which does not utilize media which are
either highly toxic and/ or highly corrosive. A possible exception is the CO: methane reformer which
may offer less complex chemical reactor systems.

RECOMMENDATIONS FOR FUTURE WORK

Due to the high cost of stainless steel, a lower temperature HTS system should be evaluated relative
to the alternatives such as the CHP and perhaps an organic fluid. Data from the KFA facility should be
incorporated in the study to identify the actual performance of the chemical reactors and condensers,
The operation of the test loop in Germany provides an excellent opportunity to perform an economic
evaluation with more realistic information on the performance of the entire CHP system.

Catalyst replacement costs should also be included in & more refined evaluation. Systems larger
than examined in this study should be evaluated.

Basic research on heat transfer salts should be continued in order to provide data on materials
compatibility. Development of a lower melting point salt with stability up to 550°C (1022° F)should be
pursued.
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Table A.1. Basic cosi for pipe materials

Fipe wall Price
;__':'::; thickness Matasial (5/linear m)
6 (24)  Sch ID 30458, A 32 410
76 (30)  Sch. 10 304 SS, A 312 509
102 (40) 10 mm 304 §S, A 312 #73
127 (%0) 10mm 30455 A 312 1043
61 (24)  Sch.10  Plain sweel 98
76 (30) Sch. 10 Plain steel 121
102 (40) 10 mm Plain sieel 210
127 (509 10 mm Plain steel 263
76 (30) 40mm  Al06E 670
127 (50)  66mm A 1068 1818
I8 (70)  Simm A 206 1936

Table A2, Other cost datn used in estimates

Excavation (sandy loam soil), $/ m’ 150

Diatomacious earth insulstion, 23 cm on T6-cm pipe, 64
§/linear m

Perlite insulation, 30 cm on 127-cm pipe, $/linear m m

Electric power supply line, typical 24 km of line SR, 000
plus 48 km from source, §

Hitec pump, including drive motor, § A50,000

Cias compressor stations, including drive motor, § 2,750,000
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Table B.1. Flow rates for transport systems

Flow rate
Medi
- [kg/h (1b/ )]
Hitze 4.10 % 10" (9.03 x 10"
Steam 0.45 % 10° (1,00 % 10"

EVA ADAM 300% 10" (681 % 10"
1,66 % 10" (3.68 x [10°)

“Reformer leg
*Methanator leg
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